The mechanical behavior of TiO 2 nanoparticle-reinforced resin-based dental composites was characterized in this work using a three-dimensional nanoscale representative volume element. The impacts of nanoparticle volume fraction, aspect ratio, stiffness, and interphase zone between the resin matrix and nanoparticle on the bulk properties of the composite were characterized. Results clearly demonstrated the mechanical advantage of nanocomposites in comparison to microfiber-reinforced composites. The bulk response of the nanocomposite could be further enhanced with the increased nanoparticle volume fraction, or aspect ratio, while the influence of nanoparticle stiffness was minimal. The effective Young's modulus and yield strength of the composite was also significantly affected by the interphase stiffness. Results obtained in this work could provide insights for the optimization of nanoparticle-reinforced dental composites.
Introduction
Resin-based composites (RBCs) are currently among the most popular dental restorative materials due to their good aesthetic properties (Xia, Zhang, Xie, & Gu, 2008) . Compared to dental alloys and ceramics, the application of RBCs to posterior teeth is still restricted to some extent due to their inferiority in wear resistance, fracture toughness and shrinkage behavior as well as bond longevity of dentin bonding agents. Recently various nanoparticles are used to improve the performance of RBCs and the results show that desired property enhancements can be achieved in these composites with small amounts of nanoparticles (Turssi, Ferracane, & Ferracane, 2006; Wetzel, Rosso, Haupert, & Friedrich, 2006; Yu, Ahn, Lim, & Lee, 2009 ). The mechanical behavior of nanocomposite is regulated by its microstructures such as nanoparticle volume fraction, aspect ratio and stiffness. In addition, the interphase zone at the nanoparticle/matrix interface raised increased attention. The interphase is the region formed between nanoparticle and matrix, due to altered molecular structure of the resin matrix at the interface with nanoparticles (Eitan, Fisher, Andrews, Brinson, & Schadler, 2006; Zhang, Zhang, Friedrich, & Eger, 2006) . The role of interphase is not fully understood due to controversial results in the literature. Yu et al. reported that an interphase zone within a Al 2 O 3 nanoparticle-reinforced epoxy was stiffer than the matrix (Yu, Yang, & Cho, 2009 ). On the contrast, Odegard et al. stated that the interphase within a silica nanoparticle/polyimide composite was softer than the matrix (Odegard, Clancy, & Gates, 2005) . Another challenge is to quantify the interfacial bonding strength between resin matrix and nanoparticles. Due to complicated properties of the interphase zone, weak bonding areas are quite likely to exist and composite damage may occur at a lower loading. A systematic study on the role of interphase including its damage behavior on the bulk behavior of the composite is needed, especially for nanoparticle-reinforced dental composites (Barbero, Abdelal, & Caceres, 2005; Lee, Chiang, Lin, Huang, & Dong, 2000) .
In this study, a nanoscale representative volume element (RVE) was used to predict the mechanical behavior of TiO 2 nanoparticle-reinforced resin-based dental composites and the results were validated against that obtained by the non-interaction approximation (NIA). The mechanical advantage of this nanoparticle-reinforced composites compared with that reinforced by glass fibers was illustrated. The influences of nanoparticle volume fraction, aspect ratio and stiffness were examined in terms of effective Young's modulus and yield strength of the composite. In addition, the interphase zone created by alternated dynamics of resin matrix molecules in the vicinity of the nanoparticles was considered. The effect of interphase stiffness on the bulk properties of the composite was evaluated. Cohesive material was used to the interphase and the damage at interphase was investigated . The results of the investigation are expected to provide some design parameters for the microstructural optimization of nanoparticle-reinforced dental composites.
Finite element modeling
The microstructure of the TiO 2 nanoparticle-reinforced resin-based dental composites is represented by a three-dimensional RVE (100 nm each side), as shown in Figure 1 (a). Total of 30 identical TiO 2 nanoparticles are assumed as spheres and randomly dispersed. The nanoparticle centers are generated using the random sequential adsorption algorithm (Widom, 1966) , in which the probability of finding a nanoparticle at a given position is the same in all directions. The nanoparticle diameter depends on the nanoparticle volume fraction and aspect ratio. In the baseline model, the nanoparticle volume fraction (V p ) is set as 5%, and aspect ratio (A r ) is chosen as 1. Then the nanoparticle diameter is calculated as 14.7 nm. Lower volume fraction and larger aspect ratio result in a smaller nanoparticle diameter. The material properties of TiO 2 nanoparticles are adopted with Young's modulus E p =282.76 GPa and Poisson's ratio ν p = 0.3 (Sivasankaran, Sivaprasad, Narayanasamy, & Iyer, 2010) . The resin matrix of urethane dimethacrylate (UDMA) monomer is taken from the published experimental test as E m = 3.9 GPa, ν m =0. 3 and yield strength, defined as the stress at which material would experience plastic flow, σ y =60 MPa (Lassila, Nohrstrom, & Vallittu, 2002) . The two phases are meshed with 4-node tetrahedral linear element (C3D4), as shown in Figure 1 (b) . A mesh convergence study is conducted and the minimum mesh size of 0.5 nm is chosen. Periodic boundary conditions are imposed to the RVE faces. A uniform 3% strain is applied to the model along the x-direction.
Cohesive zone material model
A cohesive zone material model (ABAQUS) is adopted to simulate the damage behavior in the interphase region. This model is implemented via cohesive elements, including a linear traction-separation law, which relates the stress vector to the strain vector across the cohesive zone. Both stress and strain vectors have three components in three directions, one component normal to the surface and two shear components. Before damage initiation, the traction-separation relationship is given by
(1) t t K nt K st K tt ε t Figure 1 . Typical (a) geometry and (b) mesh of a three-dimensional RVE with random distributed sphere-shaped nanoparticles.
where K is the interphase stiffness matrix. The coupled behavior between the normal and shear components is not considered in this work, thus the off-diagonal terms in the interphase stiffness matrix in the above expression will always be 0. The strain vector ε is defined as
with δ n , δ s , and δ t being the separations and T 0 the initial interphase thickness. Damage initiation is predicted using a maximum nominal stress criterion
where the symbol 〈 〉 signifies that only positive values are taken into account and t 0 i is the maximum traction in each separation mode.
Damage evolution is represented by a single scalar parameter D, which is calculated based on displacement with linear softening
where δ m f is the effective separation at failure, δ m 0 is the separation at initiation of damage and δ m max is the maximum separation attained in the complete loading history. The damage variable D varies in the range of [0, 1]. Its value is 0 for undamaged material and 1 for failed material. The stress components of the traction-separation relationship are affected by this parameter in the following way
Results and discussion

Validation
The effective Young's modulus of the composite predicted by the finite element (FE) simulation of a RVE of the microstructure has been validated against that obtained by the NIA, in which the interactions between inclusions are neglected. The principle of this scheme is that the average strain in the inclusions of a two-phase material could be estimated by the solution for a single inclusion embedded in an infinite medium subjected to a remote uniform stain within the matrix. Specifically, for a RVE domain ω contains a matrix phase (denoted by the subscript 0) and an inclusion phase (denoted by the subscript 1), the mean strain over all inclusions is related by
where a colon designates a tensor product contracted over two indices and the brackets 〈 〉 represent a volume average. The strain concentration tensor B ε is given by Pierard, Friebel, & Doghri, (2004) 
where I is the fourth-order symmetric identity tensor, C i is the stiffness of each phase, ξ (I,c 0 ) is Eshelby's tensor and depends on the geometry of inclusion and matrix stiffness. The effective bulk stiffness C ‾ can then be expressed as
where V i is the volume fraction of each phase and V 0 +V 1 = 1. A comparison of the results from the NIA and FE model is shown in Figure 2 . It is observed that the effective Young's modulus predicted by the FE model agreed very well with that calculated by the NIA, with a maximum deviation of only 1.6%. A similar comparison has also been observed for the case of randomly oriented nanoclay-reinforced polymer matrix subjected to tensile loading (Hbaieb, Wang, Chia, & Cotterell, 2007) .
Mechanical advantage of nanocomposites
Nanocomposites are of great interest because they offer exceptional reinforcement at very low nanoparticle volume fraction (Ferracane, Jan 2011) . In this section, the effective Young's modulus of dental composites reinforced by TiO 2 nanoparticles has been compared with that reinforced by glass fibers, as demonstrated in Figure  3 . The material properties of glass fibers are adopted with Young's modulus E = 72.4 GPa and Poisson's ratio ν = 0. 2 (Tucker & Liang, 1999) . For consistence, the aspect ratio of both TiO 2 nanoparticles and glass fibers was set as 50. It was observed that the effective Young's modulus of dental composites increased much more rapidly by addition of nanoparticles than by glass fibers. Specifically, increasing 30% composite modulus required approximately 3% volume fraction of nanoparticles; whereas, twice this amount of glass fibers was needed to achieve the same stiffness enhancement. This mechanical advantage could be attributed to the large specific surface area of nanoparticles, which could greatly facilitate the transfer of load from resin matrix to nanoparticles, leading to higher stiffness and better wear resistance than microcomposites.
Characterization of dental composites
In this section we consider predictions for dental composites containing nanoparticles in the arrangement shown in Figure 1 with two phases only: the nanoparticles and the matrix. Table 1 lists the effective Young's modulus and yield strength of the composite with various nanoparticle volume fractions under the condition of having fixed nanoparticle stiffness of 282.76 GPa and aspect ratio of 1. It was observed that the effective Young's modulus and yield strength of the composite increased almost linearly with the increase of nanoparticle volume fraction from 1% to 5%. By adding 5% volume fraction of nanoparticles to the matrix, the effective Young's modulus and yield strength of the composite could increase 9.9% and 5.0%, respectively. However, the sensitivity of composite to the particle volume fraction depended on the dispersion of particles, especially at high volume fraction, which also positively correlated with the mass fraction of nanoparticles. Tian et al. (2008) found that 1-3 wt.% of nanoparticles was the best loading ratio for enhanced mechanical strengths of dental composites due to the optimal dispersion. Larger mass fraction of nanoparticles may even have adverse effects on the mechanical properties. To investigate the effect of nanoparticle aspect ratio on the bulk properties of the composite, five RVEs with various nanoparticle aspect ratios (A r = 1, 5, 15, 30, and 50) were considered here under the condition of having fixed nanoparticle stiffness of 282.76 GPa and volume fraction of 5%. The comparative results were shown in Table 2 . Nanoparticles with larger aspect ratio proved to be more efficient in composite stiffness enhancement. There was a maximum 32.5% increase in the effective Young's modulus when nanoparticle aspect ratio increased from 1 to 30. The overall increase rate of composite stiffness reduced though with the larger nanoparticle aspect ratio. The effective Young's modulus of the composite increased only 7.2% when nanoparticle aspect ratio increased from 30 to 50. The influence of nanoparticle aspect ratio on the variation of the effective yield strength of the composite has a similar increasing trend. There was a maximum 35.2% increase in the effective yield strength when nanoparticle aspect ratio increased from 1 to 30. The rate of increase was only 6.7% for nanoparticle aspect ratio increased from 30 to 50. This saturation of reinforcing effect for large nanoparticle aspect ratio was also known as the classic "shear-lag" behavior, which described the limiting effect of the small ratio of matrix modulus to particle modulus on the reduction of the load transfer efficiency between phases (Cox, 1952; Hua & Gu, 2012) .
For nanoparticles with a fixed aspect ratio of 1 and volume fraction of 5%, the influence of nanoparticle stiffness (elastic modulus E p ranging from 3 E m to 144 E m ) on the mechanical behavior of the composite has been evaluated and the effective Young's modulus and yield strength are presented in Table 3 . It was observed that the effective Young's modulus and yield strength of the composite were not sensitive to nanoparticle stiffness. There was only a marginal 5.1% and 2.0% increase in the effective Young's modulus and yield strength when nanoparticle modulus increased from 11.7 GPa (3 E m ) to 561.6 GPa (144 E m ). The growth rate in effective Young's modulus decreased with larger nanoparticle stiffness. For nanoparticle modulus larger than 35.1 GPa (9 E m ), the effective Young's modulus of the composite was almost unchanged. Fornes and Paul (2003) have demonstrated that increasing the particle stiffness could improve the reinforcement of composites, especially for particle aspect ratios greater than 20~30. Thus, the low particle aspect ratio (A r = 1) used in this work was the main factor that influenced the reinforcement sensitivity of composites to nanoparticle stiffness.
Effect of interphase
The improved properties of dental composites are due not only to the loading amount, morphology and intrinsic properties of the nanoparticles alone, but also to the extensive interphase created from polymer mole- cules of altered mobility in the vicinity of the nanoparticles (Fan, Tsui, Tang, & Chow, 2004) . Thus a second important consideration beyond pure reinforcement of the nanoparticle is the potential extent and influence of this interphase when characterizing the mechanical behavior of the nanocomposite. Figure 4 illustrates schematically the nanoparticle surrounded by an annular interphase of thickness t i . In our baseline model with nanoparticle diameter of 14.7 nm, the interphase thickness t i is set as 3.7 nm. Then the ratio of interphase thickness to nanoparticle radius is about 0.5, which is much larger than that of microparticle-filled composites, which is in the range of 0.02-0.07 (Iisaka & Shibayama, 1978) . Perfect bonding is assumed at the interfaces between nanoparticle and interphase and between interphase and matrix. Figure 5 shows the influence of interphase stiffness (E i ) on the effective Young's modulus of the composite with different nanoparticle volume fractions. The Poisson's ratio for the interphase is assumed to be equal to that of the matrix (ν i = 0.3). It is interesting to note that the effective Young's modulus of the composite was dependent on the interphase stiffness. For the composite with 1 vol% nanoparticles, the effective Young's modulus of the composite increased 6.3% when interphase stiffness increased from 0.5 E m to 8 E m . A significant increase was observed for the composite with higher nanoparticle volume fraction. There was a maximum 36.2% increase in the effective Young's modulus when interphase stiffness increased from 0.5 E m to 8 E m with a nanoparticle volume fraction of 5%. This was due to an interphase of certain stiffness played a more prominent role in the composite with a higher nanoparticle volume fraction. For the interphase stiffness larger than 8 E m , the effective Young's modulus of the composite was almost unchanged. The effective Young's modulus increased only 4.6% when interphase stiffness increased from 8 E m to 32 E m with the nanoparticle volume fraction of 5%. It should be noted that stiffness variations across the interphase zone were reported (Lee, Wang, Pharr, & Xu, 2007; Sevostianov & Kachanov, 2006; Sevostianov & Kachanov, 2007) . This variation might change the effective Young's modulus of the nanocomposite, however, this alternation is minimal as illustrated by Sevostianov & Kachanov (2006 . Therefore the isotopic assumption of the interphase properties in this work is justified. Although only elastic stiffness is illustrated here, the interphase could have dramatically different thermal expansion (Lee et al., 2000; Wei, Srivastava, & Cho, 2002) and viscoelastic properties (Fisher & Brinson, 2001; Liu & Brinson, Sep 2006) from the matrix, which would lead to markedly different global response of the nanocomposites .
As mentioned previously, damage may occur at very low level of loading in the interphase zone. In order to perform the damage analysis, three-dimensional 6-node linear triangular prism cohesive elements (COH3D6) were employed in this area. The maximum nominal stress criterion was used to control the initiation of the damage while the damage evolution was based on displacement with linear softening, as described in Section 3. Detailed parameters of the cohesive zone material model were listed in Table 4 . Figure 6 shows the contour plots of the scalar stiffness degradation (SDEG) in the RVE. It was seen that damage occurred at the outer edge of the interphase and progressively moved toward the inner edge. Note that the maximum principal strain field in the interphase was up to four times higher than that far away from the nanoparticle-matrix interface. This implies a decreasing load carrying capacity in this area. Compared to the model without considering damage at interphase, the effective yield strength of the damageable model decreased 4.6% while the effective Young's modulus remained almost the same. The damageable model couldn't carry any more loads when the strain reached 0.026.
Conclusions
The mechanical behavior of TiO 2 nanoparticle-reinforced resin-based dental composites was investigated through the validated nanoscale RVE. The nanoparticle-reinforced composites demonstrated their exceptional reinforcement at very low nanoparticle volume fraction, compared with that reinforced by glass fibers. The influences of nanoparticle volume fraction, aspect ratio, and stiffness, as well as interphase stiffness, on the bulk properties of the composite were systematically evaluated. The damage behavior of the interphase zone was also investigated. The conclusions can be summarized as follows:
• The mechanical advantage of nanocomposites over microcomposites was demonstrated such that the reinforcement effect of the nanoparticle with 3% volume fraction on the stiffness is the same as the glass fiber with twice of the volume fraction. • The effective Young's modulus and yield strength of the composite increased almost linearly with the increase of nanoparticle volume fraction from 1% to 5% considering perfect nanoparticle dispersion. • The effective Young's modulus and yield strength of the composite was dependent on the interphase stiffness, while its sensitivity with respect to nanoparticle stiffness was minimal. • Nanoparticles with larger aspect ratio could improve the bulk response of the composite. For nanoparticle aspect ratio larger than 30, the reinforcing effect reached saturation. These results could be used to enhance the fundamental understanding of mechanical behavior of nanoparticle-reinforced resin-based dental composites, and provide guidance for optimizing the compositions of dental composites. Figure 6 . Contour plot of the damage level (SDEG, 0 indicated undamaged material, higher value indicated more damage) in the dental composites. 
